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ABSTRACT 

Post-Apollo l u n a r  s u r f a c e  mis s ions  may i n c l u d e  

requi rements  f o r  p in-poin t  landings  of  unmanned supply 

v e h i c l e s .  It i s  proposed t o  use a l a s e r  i n  t h e  o v e r f l y i n g  

CSM t o  i r r a d i a t e  t h e  desired l a n d i n g  s p o t ,  p rov id ing  a 

~s: rge+,  f o r  t h e  landing v e h i c l e  t o  home cn. Some r J f  t h e  

more s i g n i f i c a n t  problems i n  d e f i n i n g  a s a t i s f a c t o r y  l aser  

guidance system a r e  t rea ted ,  a p o t e n t i a l l y  u s e f u l  system i s  
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SUBJECT: Laser Guided Lunar Landing 
Case 232 

MEMORANDUM FOR FILE 

I N T R O D U C T I O N  

DATE: September 11,- 1967 

FROM: S.L. Penn 

I n  an advanced s t a g e ' o f  l u n a r  e x p l o r a t i o n ,  i t  may 
be  n e c e s s a r y  t o  l a n d  heavy l o g i s t i c s  payloads  i n  a n  unmanned 
Lunar Module. For e f f i c i e n t  u se  of  t h e  pay loads ,  i t  w i l l  b e  
d e s i r a b l e  t o  have t h e  c a p a b i l i t y  f o r  a p in -po in t  l a n d i n g  a t  
a l o c a t i o n  chosen from o r b i t a l  photography.  

A s y s t e m  i s  proposed t o  use  t h e  crew i n  t h e  CSM t o  
i d e n t i f y  and t r a c k  t h e  d e s i r e d  l a n d i n g  p o i n t  t h rough  t h e i r  
gu idance  o p t i c s .  A l a s e r  beam s l a v e d  t o  t h e  gu idance  o p t i c s  
would i l l u m i n a t e  t h e  t a r g e t , p k o v i d i n g  a b r i g h t  s p o t  f o r  
t h e  unmanned l u n a r  l a n d e r  (LL)  t o  home on. It i s  assumed 
( u s i n g  Apollo pa rame te r s )  t h a t  t h e  CSM i s  a t  an  a l t i t u d e  o f  

i l l u m i n a t e  t h e  d e s i r e d  s p o t  f o r  about  3 minu tes ,  as i t  passes 
from -45" t o  +45" from t h e  V e r t i c a l .  The CSM's a b i l i t y  t o  
a r r i v e  ove r  t h e  l a n d i n g  s i t e  a t  t h e  optimum t i m e  w i t h  r e s p e c t  
t o  t h e  L L ' s  a r r i v a l  i s  shown i n  Appendix A .  

1 . 5  x 10 5 meters,  moving a t  105meters /minute ,  s o  i t  can 

PROPOSED G U I D A N C E  SYSTEM 

R e f e r r i n g  t o  F i g .  2 ,  t h e  LL approaches t h e  l a n d i n g  s i t e  
at  an a n g l e  of about  15' from t h e  h o r i z o n t a l .  It s t a r t s  
s e a r c h i n g  f o r  t h e  s p o t  when it  i s  about  1 0  NM (15  x l o 3  meters) 
ou t  and moving a t  about  1 0  NM/min ( b u t  w i t h  v e l o c i t y  d e c r e a s i n g  
a t  about  1 NM/min/NM, t o  y i e l d  0 a t  t h e  s i t e ) .  

A l a se r  beamspread 8 = 2 /3  m i l l i r a d i a n  i s  s e l e c t e d ,  t o  
i r r a d i a t e  a s p o t  of diameter D i  = 1 0 0  meters on t h e  l u n a r  
s u r f a c e  (for convenience,  assume t h e  s p o t  i s ,  or can  b e  k e p t ,  
e s s e n t i a l l y  c i r c u l a r  for i n c i d e n t  a n g l e s  from -45' t o  + 4 5 O ) .  
The s p o t  i s  .kept from wandering b y  t h e  CSb'I 's  manual ly  c o n t r o l l e d ,  
c o a l i g n e d  t e l e s c o p e  or an  au tomat ic  image motion compensation 
d e v i c e ,  I n i t i a l l y ,  i t  subtends  a h o r i z o n t a l  a n g l e  a t  t h e  LL of 
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= 0 .007  r a d i a n  = 0.4 '  and a v e r t i c a l  a n g l e  - 1 0 0  m - w 
iH 1 5  103, 

- 1 0 0  SIN 15' m 
w -  

iv  1 5  x l o 3  m 

t h e  r e c e i v e r  on t h e  

= 0.1'. It i s  f u r t h e r  assumed t h a t  

LL can be o r i e n t e d  s o  t h a t  i t s  t o t a l  
f i e l d  of  view a t  t h e  s t a r t  of s e a r c h  would c l o s e l y  cor respond 
t o  an e l l i p s e  c e n t e r e d  on t h e  l a n d i n g  p o i n t  p r e d i c t e d  by t h e  
guidance  s y s t e m  and l a r g e  enough t o  i n c l u d e  t h e  t r u e  l a n d i n g  
p o i n t  w i t h  h i g h  p r o b a b i l i t y .  F o r  t h i s  f i r s t  c u t ,  we s h a l l  
use t h e  90% conf idence  e l l i p s e  having  dimensions of 4.88 Km 
i n  t h e  d i r e c t i o n  of  motion and 3.24 Km a c r o s s 1 .  I f ,  f o r  
s i m p l i c i t y ,  we l e t  t h i s  be 5 Km x 3 K m ,  t h e  s e a r c h  area w i l l  
s ub tend  a n g l e s  uSH = 3 Km = 0 . 2  r a d i a n  = 11.4O and w s  = 

V 15 Km 

5 SIN 15' Km = 0 . 0 9  r a d i a n  = 5'. The r a t i o  o f  t h e  p r o j e c t e d  
15 Km 

areas of t h e  s e a r c h  a r e a  and t h e  l a s e r  spo t  w i l l  be t h e  r a t i o  
of  t h e  p r o d u c t s  o f  t h e i r  p r o j e c t e d  major  and minor axes  o r  
t h e i r  subtended  a n g l e s ,  i . e . ,  1 1 . 4  x 5 .0  = 1400 .  

0 . 4  x 0 . 1  

Sea rch ing  could be performed i n  many d i f f e r e n t  ways 
and would depend l a r g e l y  on. t h e  particular t y p e s  of laser. and 
d e t e c t i o n  scheme used.  An e v a l u a t i o n  o f  a l l  p o s s i b l e  o r  even 
s e v e r a l  r e a s o n a b l e  combinations i s  not  p r a c t i c a l  f o r  t h i s  f i r s t  
l o o k .  We s h a l l  t r y ,  f o r  now, to f i n d  one s a t i s f a c t o r y  example 
o f  each  and t o  i n d i c a t e  l a t e r  what some of  t h e  o t h e r  approaches 
might b e .  

Consider  f i r s t  a pulsed  ruby l a s e r  o p e r a t i n g  i n  t h e  
Q-switched mode (for high peak power, s h o r t  d u r a t i o n  p u l s e s )  
a t  a r e p e t i t i o n  r a t e  determined b y  t h e  t ime  a y a i l a b l e  f o r  
s e a r c h ,  about  60 seconds ( a f t e r  60 seconds t h e  LL would be 
only about 3 NM from t h e  c e n t e r  o f  t h e  l a n d i n g  e l l i p s e ,  
s a t i s f a c t o r y  if scan  began w i t h  t h e  n e a r e s t  p a r t  of t h e  e l l i p s e ) ,  
A complementary s e a r c h  scheme might  be t o  view one s e c t i o n  of  
t h e  s e a r c h  area a t  a t i m e ,  moving t o  t h e  c e x t  a d j a c e n t  
s e c t i o n  each t ime t h e  l a s e r  i s  p u l s e d  u n t i l  a s i g n a l  i s  r e c e i v e d .  
I f  t h e  s e c t i o n  viewed were t h e  s i z e  o f  t h e  l a s e r  s p o t ,  t h e n  
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up t o  1 4 0 0  such s e c t i o n s  might  have t o  b e  s u c c e s s i v e l y  viewed 
b e f o r e  t h e  i r r a d i a t e d  s p o t  was found. To s c a n  a complete 
s e a r c h  area w i t h  1 4 0 0  s e p a r a t e  looks i n  60 seconds r e q u i r e s  a 

l a se r  r e p e t i t i o n  r a t e  of  .r- l4O0 = 23 p u l s e s  p e r  second.  

With ruby ,  t h i s  would be very h a r d  to a c h i e v e  w h i l e  m a i n t a i n i n g  
r e a s o n a b l e  power o u t p u t  (about  an o r d e r  o f  magnitude beyond 
t h e  s t a t e - o f - t h e - a r t ) .  

Another approach would b e  t o  use  a r u b y  l a s e r  p u l s e  
r a t e  o f  on ly  2 . 3  pps and t o  t r y  t3 d e v i s e  a scanning  technlque 
which cou ld  work w i t h  t h i s  s lower  r e p  r a t e .  Background n o i s e  
p e r m i t t i n g  (which we s h a l l  examine l a t e r ) ,  w e  might t r y  
expanding  t h e  i n s t a n t a n e o u s  l o o k  a r e a  t o  t e n  t imes t h a t  o f  t h e  
l aser  s p o t  and moving a cor respondingly  g r e a t e r  d i s t a n c e  between 
looks. Now i t  would t a k e  only 1 4 0  s e p a r a t e  l o o k s  t o  cove r  t h e  
e n t i r e  s e a r c h  a rea .  When t h e  l a s e r  s p o t  was t h u s  approximate ly  
i o c a t e d ,  we would c o l l a p s e  t h e  s e a r c h  f i e l d  t o  t h a t  o f  t h e  
look  area i n  which t h e  s p o t  had j u s t  been found and proceed t o  
scan  t h i s  new s e a r c h  f i e l d  w i t h . a  new l o o k  area t h e  s i z e  o f  
t h e  laser s p o t .  T h i s  shou ld  a l low p r e c i s e l y  l o c a t i n g  t h e  laser 
s p o t  w i t h i n  t e n  more t r i a l s ,  or i n  a p o s s i b l e  t o t a l  o f  1 5 0  
t r i a l s .  ( I n  p r a c t i c e ,  t h e  s e a r c h  and look a n g l e s  would have 
t o  i n c r e a s e  w i t h  t ime ,  as the  LL would b e  g e t t i n g  c l o s e r  t o  
t h e  l a n d i n g  e l l i p s e  w i t h  each  succeeding  p u l s e .  Techniques 
for do ing  t h i s  and t h e  p o s s i b l e  d i f f i c u l t i e s  t h e r e w i t h  are  
n o t  c o n s i d e r e d  h e r e . )  The above r e p  r a t e  i s  a l s o  p r e d i c a t e d  
on t h e  LL b e i n g  ab le  t o  pecognize t h e  l a s e r  s p o t  when i t  
f i r s t  sees i t  and be ing  ab le  t o  a d j u s t  i t s  cour se  a c c o r d i n g l y  
w i t h  as l i t t l e  as 3 NM t o  go. Otherwise ,  t h e  r e p  r a t e  or 
p o s s i b l y  t h e  l a s e r  power output  would have t o  b e  a p p r o p r i a t e l y  
i n c r e a s e d ,  These problems aside,however ,  t h e  key q u e s t i o n  on 
which s u c c e s s  of t h i s  t echn ique  depends i s  the  adequacy o f  t h e  
i n t e n s i t y  of t h e  l a s e r  s p o t  w i t h  r e s p e c t  t o  t h a t  of  t h e  so l a r  
i l l u m i n a t e d  l u n a r  s u r f a c e ,  i . e . ,  t h e  q u e s t i o n  o f  s i g n a l  t o  n o i s e .  

SIGNAL TO NOISE C O N S I D E R A T I O N S  

On t h e  moon,the worst  ca se  f o r  s o l a r  background compe- 
t i t i o n  w i t h  t h e  l a s e r  would occur  when t h e  i n c i d e n t  s u n l i g h t  came 
from d i r e c t l y  behind  t h e  r e c e i v e r  and p a r a l l e l  t o  i t s  l i n e  o f  
s i g h t .  The r a d i a n t  i n t e n s i t y  p e r p e n d i c u l a r  t o  t h e  beam of t h e  
s o l a r  f l u x  a t  t h e  l u n a r  s u r f a c e  would be  about  1000 watts/meter 2 . 
The l a se r ,  a t  2 . 3  p p s ,  could  be expec ted  t o  e m i t  p u l s e s  o f  5 x 1 0  6 

watts f o r  d u r a t i o n s  of 30 x lo-’ seconds ( f o r  an  o v e r a l l  e f f i c i e n c y  
of abou t  O.l%, i n p u t  power r e q u i r e d  would be  about  350 watts) w i t h  

an  i n t e n s i t y  a t  t h e  moon of 500 watts/meter . I f  the laser were 
d i r e c t l y  above t h e  t a r g e t  s p o t ,  t h e  r a d i a t i o n  r e f l e c t e d  toward the 
r e c e i v e r  would be  only  1/4 as i n t e n s e  as t h a t  d i r e c t e d  back a l o n g  

2 
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t h e  i n c i d e n t  p a t h .  It would be as though laser  r a d i a t i o n  of 1/4 
t h e  a c t u a l  i n t e n s i t y  were i l l u m i n a t i n g  t h e  s p o t  from t h e  d i r e c t i o n  
of t h e  r e c e i v e r ,  i . e .  , w i t h  125 wa t t s /me te r  . Hence t h e  c o n t r i b u t i o n  
t o  t h e  r ece ive r -obse rved  spo t  b r i g h t n e s s  from t h e  l a s e r  would be  
only  1/8 t h a t  from t h e  sun ,  i . e ,  t h e  l a s e r  i r r ad ia t ed  s p o t  would 
be  118 b r i g h t e r  t h a n  t h e  sur rounding  s u r f a c e .  I f ,  now, w e  i n c l u d e  
i n  t h e  r e c e i v e r  a 1 0 A  bandpass s p e c t r a l  f i l t e r  c e n t e r e d  a t ,  and 
comple te ly  t r a n s m i t t i n g ,  694311 ( t h e  ruby l a s e r  ou tpu t  wavelength 
a t  3 O O 0 K )  only 0 . 0 0 1  of t h e  s u n ' s  r a d i a t i o n ,  t h e  p a r t  w i t h i n  t h e  
s p e c t r a l  bandx>ass o f  t h e  f i l t e r ,  would ge t  t h r o u g h ,  and t h e  l a se r  
s p o t  would be 125 times b r i g h t e r  t h a n  t h e  su r round ings .  S ince  
t h e  proposed look a r e a  would u s u a l l y  De t e n  tir1lt.s t ha t  of  t h e  laser 
s p o t ,  t h e  e f f e c t i v e  g a i n ,  f rom t h e  s t a n d p o i n t  o f  t h e  r e c e i v e r ,  
would only  be 1 2 . 5 .  

2 

0 

0 

To minimize t h e  chance of  a s p u r i o u s  n o i s e  p u l s e  i n  
t h e  s o l a r  background g i v i n g  us a f a l s e  s i g n a l ,  a t  each l a s e r  
p u l s i n g  w e  must t a k e  t h e  p r e c a u t i o n  of  l e a v i n g  t h e  r e c e i v e r  
1 )  on 11 f o r  as s h o r t  a time a s  p o s s i b l e  commensurate w i t h  t h e  
l a s e r  p u l s e  w i d t h  and ou r  unce r ' t a in t i e s  as to t h e  d i s t a n c e s  and 
s i g n a l  t r a v e l  t imes  invo lved .  Synchron iza t ion  o f  s y s t e m  o p e r a t i o n  
would t a k e  p l a c e  from t h e  CSM. Appendix B examines t h e  s t a t i s t i c a l  
basis f o r  de t e rmin ing  t h e  l i k e l i h o o d  of such a n o i s e  p u l s e  
o c c u r r i n g  i n  t h e  upto 150 " looks"  that  may be necessa ry ,  and 
p r o v i d e s  t h e  b a s i s  f o r  confi2ence t h a t  a workable  system can be 
d e v i s e d ,  even i n  t h e  w o r s t  b a c k s c a t t e r  c a s e .  

OTHER TECHNIQUES 

The above scheme i s  p r e s e n t e d  as a f e a s i b i l i t y  argument 
r a the r  t h a n  an a t t empt  a t  o p t i m i z a t i o n .  I n  any more complete  
s t u d y  o f  t h e  l a s e r  homing problem, t h e  p o s s i b i l i t y  o f  f i n d i n g  a 
more e f f e c t i v e  l a s e r  sou rce  and r e c e i v e r / d e t e c t o r  combinat ion t h a n  
d i s c u s s e d  h e r e  should  be e v a l u a t e d .  Other l a se r  c a n d i d a t e s  
o f f e r i n g  a v a r i e t y  o f  combinations o f  r e l i a b i l i t y ,  e f f i c i e n c y ,  
and s p e c t r a l  and power ou tpu t s  a r e :  neodymium doped c r y s t a l  and 
g l a s s  l a s e r s ,  l i q u i d  l a s e r s ,  argon l a se r -3 ,  c;U2 l a s e r s ,  and 
semi-conductor  l asers .  Continuous vs pu l sed  o p e r a t i o n  shou ld  be  
a l s o  be  e v a l u a t e d .  

Some c a n d i d a t e  d e t e c t i o n  schemes are:  

( a )  Scan t h e  s e a r c h  a r e a  w i t h  a r e c e i v e r  beam w i d t h  t ha t  
j u s t  cove r s  t h e  l a s e r  spo t  s i z e  ( c o n s i d e r e d ,  bu t  n o t  adopted i n  
t h e  p r e s e n t  t r e a t m e n t  due t o  low r e p  r a t e  c a p a b i l i t y  of r u b y ) ,  
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( b )  Scan w i t h  a r e c e i v e r  beam w i d t h  t h a t  i s  i n t e r m e d i a t e  
between t h e  o v e r a l l  a r e a  o f  concern and t h e  d e s i r e d  s p o t ,  t h e n ,  
when t h e  s p o t  i s  l o c a l i z e d  t o  a s m a l l e r  a r e a ,  a d j u s t  beam down 
and s c a n  t h e  s m a l l e r  a r e a  (as  adopted h e r e i n ) ,  

( c )  Have beam wide enough t o  encompass t h e  e n t i r e  s e a r c h  
a r e a  and now e l e c t r o n i c a l l y  scan t h e  r e c e i v e r  t u b e  f o r  t h e  s p o t  
image ( p h o t o m u l t i p l i e r  image d i s s e c t o r ) ,  and 

( d )  Use l a t e r a l  p h o t o c e l l ,  which l o c a t e s  t h e  a n g u l a r  d i s -  
placement  o f  a l i g h t  sou rce  from t h e  o p t i c  a x i s  o f  t h e  c e l l  by 
p h o t o v o l t i c  type  r e sponses  p r o p o r t i o n a l  t o  t h e  image d i sp lacemen t .  

Other  d e t e c t o r s  t h a n  photo tubes  might a l s o  be worth 
l o o k i n g  a t ,  e . g . ,  s i l i c o n  semiconductor  d i o d e s .  

For purposes  of i l l u s t r a t i o n ,  o p e r a t i o n  i n  modes ( a )  
and ( c )  i s  d e p i c t e d  i n  s i m p l i f i e d  form i n  F i g .  2 .  Assuming 1 . 4  
fnch  d i ame te r  photo tubes  f o r  each mode, ( a )  could  have a 
movable mask w i t h  an e l l i p t i c a l  a p e r t u r e  o f  0 . 0 5  x 0 . 0 1 2  i n c h e s .  
i n  c o n j u n c t i o n  w i t h  t h i s  a p e r t u r e ,  a l e n s  o f  7 i n c h  f o c a l  l e n g t h  
would p rov ide  t h e  0 . 4 O  x 0.1' f i e l d  o f  view r e q u i r e d  b y  t h e  
l a s e r  s p o t  s i z e .  Mechanical  motion of t h e  mask t o  move t h e  
a p e r t u r e  ove r  an a p p r o p r i a t e  e l l i p t i c a l  s e c t i o n  of  t h e  photo tube  
f a c e  would enab le  t h e  r e c e i v e r  t o  scan  t h e  11.4' x 5' s e a r c h  
a n g l e .  I n  mode ( c ) , t h e  image d i s s e c t o r  would only  a c c e p t  e l e c t r o n s  
coming from a 0 . 0 5  x 0 . 0 1 2  inch s e c t i o n  o f  t h e  photocathode 
s e l e c t e d  by t h e  e l e c t r i c  o r  magnet ic  f i e l d  and a n  a p p r o p r i a t e  
s i z e d ,  f i x e d  i n t e r n a l  a p e r t u r e .  Again, a 7 i n c h  f o c a l  l e n g t h  lens 
would p rov ide  t h e  image o f  t h e  l a s e r  s p o t .  The s e a r c h  a n g l e  
would be scanned by va ry ing  t h e  f i e l d  between t h e  d e f l e c t i o n  p l a t e s .  
T h i s  t echn ique  has t h e  p a r t i c u l a r  advantage of very low da rk  
n o i s e ,  s i n c e  only a small p o r t i o n  o f  t h e  t u b e  f a c e  i s  seen  a t  
one t i m e .  

CONCLUSIONS 

The problem of  t e r m i n a l  guidance of a n  automated l u n a r  
l a n d i n g  v e h i c l e  t o  'a l a s e r  i l l u m i n a t e d  l a n d i n g  s p o t  has been 
c o n s i d e r e d .  It has  been shown how one p o s s i b l e  l a s e r - d e t e c t o r  
scheme might work. T h i s  should  not  be r ega rded  as t h e  optimum 
c o n f i g u r a t i o n ,  though,  s i n c e  many o t h e r  combinat ions a r e  p o s s i b l e .  
A d d i t i o n a l  room f o r  improvement i s  seen  through o p t i m i z a t i o n  
o f  e l e c t r o n i c s ,  r e d u c t i o n  o f  g a t e  t i m e ,  and c o n s t r a i n t  o f  l a n d i n g  
t o  more . favorable  l i g h t i n g  c o n d i t i o n s ,  ~ o s s i b l y  even i n  e a r t h  s h i n e .  



BELLCOMM, I N C .  - 6 -  

ACKNOWLEDGEMENT 

I wish t o  t h a n k  C.J. Byrne f o r  p r o v i d i n g  t h e  problem 
and for t h e  t r e a t m e n t  o f  t h e  t iming  c o n s i d e r a t i o n s  g iven  i n  
Appendix A ,  F.G. A l l en  for h i s  a s s i s t a n c e  i n  t h e  s t a t i s t i c a l  
a n a l y s i s  o f  t h e  n o i s e  i n  Appendix B ,  and b o t h  t h e s e  gent lemen f o r  
t h e i r  many o t h e r  h e l p f u l  comments and review . 

/* Yak- 
S.L. Penn 1011-SLP-b 1 

Attachment 
Appendix A 
Appendix B 



BELLCOMM, INC. 

REFERENCES 

1. "Lunar  L a n d i n g  S i t e  S e l e c t i o n  B r i e f i n g " ,  MSC, Mar. 8 ,  1967 

2. "Apollo L u n a r  L a n d i n g  M i s s i o n  Symposium", V o l  I ,  MSC, 
June 25-27, 1966 

3. HandbooR o f  P r o b a b i l i t y  .and S t a t i s t i c s ,  w i t h  T a b l e s ,  
B u r i n g t  on and  May, 1958 



E 
E 
Y) 

E! 
x z  
In z 
.o 

I 
I 

\ 
1 

w 
v) 
4 
2 4 I 

I 
0 

0 
? 

I - 
3 

I l l  



. 

1 -  
\ &  
\ x  

I ?  
1 : :  
I 

I 
0 

0 

-- 
,% 

I '  
I 
I 
I 
I 
I 

\ 
I 
I 
I 
\ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

I /  
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

n 

4 
0 
v) 

Y 

0 c 
I- 
O z 
U 

r 
0 

I- 

I- 
W 

- 
Y 
n 
W 
I- 
4 

e z 
4 
0 

n - 

0 

F 



BELLCOMM, INC. 

APPENDIX A 

T I M I N G  OF C S M  AND LL ARRIVALS 

A key q u e s t i o n  i s  whether  t he  CSM w i l l  r e a l l y  b e  
overhead a t  t h e  l a n d i n g  spo t  a t  t h e  r i g h t  t i m e  t o  enab le  t he  
l a se r  homing o p e r a t i o n  t o  proceed. 
t h e  fo l lowing  argument,  whi le  r e f e r r i n g  to t h e  s k e t c h e s :  

To s e e  t h a t  i t  i s ,  c o n s i d e r  

Keplers  3rd  l a w  s ta tes  tha t  
p l a n e t a r y  o r b i t a l  p e r i o d s  vary  
as t h e  3/2 power o f  t h e  o r b i t a l  
r a d i i ,  i . e . ,  T = kR3I2 

CSM PATH B' 

To f i n d  t h e  t i m e  d i f f e r e n c e  f o r  a CSM t o  go from A t o  B '  whi le  
t h e  LL goes i 1.80" from A t o  B (approx.  p o i n t  o f  engine  i g n i t i o n  
f o r  powered a e s c e n t ) ,  d i f f e r e n t i a t e  (1) and g e t  

AT =3 2 k R112 AR 

Div ide  b y  (1) ( t o  e l i m i n a t e  k )  and g e t  

- A T = 3  - aR 
T 2 R  ( 3 )  



. 
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F o r  R % 1000  miles,  AR = 1/2 AD = 40 miles ,  and 

T % 1 h r  = 6 0  minu tes ,  

We have A T = 3 x A R  - T = 3 x 4 0  - x 6 0  
2 R 2 1000 

= 3.6 minutes 

A t  eng ine  i g n i t i o n  p o i n t  B,  t h e  LL i s  f l y i n g  almost p a r a l l e l  
t o  t h e  s u r f a c e .  It has  approximately 250 n a u t i c a l  m i l e s  and 
1 0  minutes  t o  go t o  touchdown.q The CSM, as w e  have seen ,  
i s  about  3.6 minutes  behind ,  or 195 NM a t  i t s  v e l o c i t y  of 
54 NM/min. 8 minutes  l a t e r  t h e  LL a r r i v e s  a t  High Gate ,  C ,  
about  6 NM from t h e  l a n d i n g  s i t e ,  and t h e  CSM i s  1 3  NM s h o r t  of 
t h e  l a n d i n g  s i t e .  The p o s i t i o n  of  t h e  CSM r e l a t i v e  t o  t h e  
l a n d i n g  s i t e  can be s h i f t e d  p r e c i s e l y ,  as needed, t o  meet t h e  
r equ i r emen t s  f o r  s p o t  i r r a d i a t i o n  t i m e ,  b y  adding or s u b t r a c t i n g  
a l i t t l e  AV when t h e  LL Hohrr.ann t r a n s f e r  i s  i n i t i a t e d ,  e.@;. ,  
add ing  s u f f i c i e n t  AV (about  1 3  FPS). t o  ra i se  the CSM's o r h i t  
from 80 t o  9 0  NM i n  t h e  v i c i n i t y  o f  the l a n d i n g  s i t e  would 
r e t a r d  t h e  CSM w i t h  r e s p e c t  t o  t h e  LL by  an a d d i t i o n a l  
1 0  

LL was a t  High Gate i n s t e a d  o f  1 3  NM. 

x 195 = 2 4  m i l e s ,  s o  i t  would  s t i l l  have 37 NM t o  go when t h e  

"Distances and t imes  used h e r e  a r e  approximat ions  from 
data  p r e s e n t e d  f o r  t h e  LM on Apol lo  mis s ions  i n  References  1 
and 2 .  
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APPENDIX B 

SIGNAL VS NOISE 

The e x t e n t  t o  which t h e  s o l a r  background might be '  
expec ted  t o  i n t e r f e r e  w i t h  t h e  l a s e r  s i g n a l  i s  determined a s  
fo l lows  : 

Let  Ps b e  t h e  r a d i a t i o n  i n  watts i n c i d e n t  on t h e  
d e t e c t o r  due t o  t h e  solar i l l u m i n a t i o n  of  t h e  moon i n  t h e  f i e l d  
o f  view. It can be shown t h a t  

Ps = TB RA 

where 

T i s  t h e  f r a c t i o n  o f  t h e  s u n ' s  r a d i a t i o n  l y i n g  w i t h i n  t h e  
bandpass  f r e q u e n c i e s  of  t he  r e c e i v e r  f i l t e r  ( f o r  s i m p l i c i t y ,  
i t  i s  assumed t h a t  t h e r e  i s  1 0 0 %  t r a n s m i s s i o n  w i t h i n  t h e  
bandpass  and none w i t h o u t )  

= 0 . 0 0 1  ( 1 0  f i l t e r  a t  6943  A )  
0 

B i s  t h e  r a d i a n c e  (power/unit  p r o j e c t e d  a r e a  of t h e  moon i n  t he  
f i e l d  o f  v iew/uni t  s o l i d  a n g l e )  o f  t h e  r e f l e c t e d  s u n l i g h t  a t  
t h e  LL ( t o  be computed) 

R i s  t h e  s o l i d  a n g l e  subtended b y  t h e  a r e a  of  t h e  moon i n  t h e  
f i e l d  of  view as seen  from t h e  LL ( t o  b e  computed) 

A i s  t h e  a r e a  o f  t h e  r e c e i v e r  l e n s  

= 1 0 0  cm2 (assumed) 

where 

E i s  t h e  s o l a r  c o n s t a n t  a t  t h e  mean d i s t a n c e  of t h e  e a r t h  
from t h e  sun  
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= 10 3 watt/meter2* = 10-l w/cm 2 

0 i s  t h e  l o c a l  a lbedo  o f  t h e  moon 
- - 

= 0.06  ( a c t u a l l y ,  0.06 .< p < 0.18 .  S ince  a lbedo  a f f e c t s  
l a se r  l i g h t  and s u n l i g h t  t h e  same, lowes t  va lue  o f  p i s  
chosen t o  g i v e  wors t  p o s s i b l e  s t a t i s t i c s )  

4 i s  t h e  pho tomet r i c  f u n c t i o n  o f  t h e  moon i n  t h e  d i r e c t i o n  o f  
concern 

= 1 (wors t  c a s e )  

Making t h e  a p p r o p r i a t e  s u b s t i t u t i o n s  i n  Eq .  (-2) 
we have 

2 B = 0 . 0 0 2  w / c m  / s t e r a d i a n  

F o r  up t o  1 4 0  p u l s e s ,  Q would be t e n  times the  
s o l i d  ang le  subtended  by t h e  l age r  s p o t  (see main t e x t  f o r  
e x p l a n a t i o n ) ,  s o  ( f o r  small a n g l e s )  

n = 1 o ;  w iH w iv 
30 x ( 7 ~ 1 0 ' ~ )  x C1.75 x 

= 90 x s t e r a d i a n  

Now, w i t h  a l l  t h e  f a c t o r s  from t h e  r i g h t  s i d e  o f  Eq.  C l f  
de te rmined  ,we ge t  

pS = 180 x io -lo watts 

0 
I n  terms of photons a t  6943 A ,  

180 x 1 0  -lo j o u l e s / s e c  
2 . 8  x j ou le s /pho ton  

P =  
S 

*Actua l ly  1 . 3  x l o 3  wat t / rneter2,  b u t  approximat ion  i s  
c o n s i s t e n t  w i t h  t h e  u n c e r t a i n t y  i n  t h e  l a s e r  power. 



BELLCOMM, INC. - 3 -  

9 = 6 0  x 1 0  photons/sec 

= 6 0  photons/nanosec 

Assuming a quantum e f f i c i e n c y  f o r  t h e  d e t e c t o r  of 
about  5% ( R C A  4526 p h o t o m u l t i p l i e r ) * ,  i n  terms o f  p h o t o e l e c t r o n s  
gene ra t ed  at  t h e  photocathode 

= 3.0 photoe lec t ron/nanosec .  
pS 

I n  a t i m e  e q u a l  t o  t h e  l a s e r  p u l s e  w i d t h  (30 nanosec)  

P = 90 p h o t o e l e c t r o n s  
'30 

The laser  s p o t ,  while  125 times a s  b r i g h t  as t e r r a i n  
0 

illuminated by t h e  s i i r i  ( o v e r  tkis ~ G A  bandpass or t h e  riiterj , 
produces a s i g n a l  on ly  12 .5  t imes as i n t e n s e  ( a g a i n ,  s e e  main 
t e x t )  o r  1125 p h o t o e l e c t r o n s / p u l s e .  

A f i r s t  guess at  a p r a c t i c a l  r e c e i v e r  g a t e  wid th  i s  
111 s e c  (on-time f o r  l ook ing  f o r  t h e  l a s e r  s i g n a l ;  r e q u i r e s  
c o n t i n u a l  knowledge o f  t h e  d i f f e r e n c e  i n  t h e  d i s t a n c e s  from t h e  
CSM t o  t h e  LL v i a  t h e  l a s e r  spot  and from t h e  CSM d i r e c t  t o  t h e  
LL t o  an accuracy of about 1000  f t  and a b i l i t y  t o  a d j u s t  g a t e  
o n s e t  a c c o r d i n g l y ) .  I f  we assume, as a worst  c a s e ,  a r e c e i v e r  
t h a t  compares, g a t e  by g a t e ,  t h e  t o t a l  p h o t o e l e c t r i c  ou tpu t  
p e r  g a t e ,  t h e n  3000 e l e c t r o n s / g a t e  ( i g n o r i n g  t h e  d e t e c t o r  
m u l t i p l i c a t i o n  p r o c e s s )  w i l l  be t h e  average  background l e v e l ,  
which we sha l l  d e f i n e  a s  n o i s e ,  and 3000 + 1125 = 4125 e l e c t r o n s  
t h e  average  s i g n a l  p l u s  n o i s e  when o c c u r r i n g  t o g e t h e r .  

s i g n a l  p l u s  n o i s e  w i l l  now be examined, s i n c e  i n  each case  there  
i s  o n l y  a 0 . 0 0 0 0 3  p r o b a b i l i t y  of  d e v i a t i o n s  from t h e  average  i n  
any one d i r e c t i o n  exceeding t h e s e  v a l u e s  . 

The 4 CY f l u c t u a t i o n s  of  bo th  t h e  n o i s e  and t h e  

3 

For.' t h e  n o i s e ,  1 0 = , / = =  = 55 

4 CY = 2 2 0  e l e c t r o n s  

*And a l s o  assuming t h a t  d a r k  c u r r e n t  ( t h e r m a l l y  dependent  
emis s ion ,  which would e x i s t  w i t h  even no i n c i d e n t  r a d i a t i o n )  can 
b e  k e p t  n e g l i g i b l e .  
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Fo r  t h e  s i g n a l  p l u s  n o i s e ,  l a  = ,/=- = 64 

4a = 256 e l e c t r o n s  

I f  t h e  r e c e i v e r  d e c i s i o n  mechanism can  b e  s e t ,  i n  
t h i s  c a s e ,  t o  r e j e c t  any accumulat ion of up t o  3220 p h o t o e l e c t r o n s  
and t o  a c c e p t  every  accumulat ion o f  o v e r  3869 p h o t o e l e c t r o n s  
( o r  o t h e r  a p p r o p r i a t e  va lues  for d i f f e r e n t  p ' s  and + ' s ,  s imple  
enough where pand + a r e  no t  expec ted  t o  v a r y ) ,  t h e n  t h e  chance,  i n  
1 4 0  t r i a l s ,  o f  g e t t i n g  e i t h e r  a f a l s e  s i g n a l  or no s i g n a l  when 
one i s  p r e s e n t  i s  no more t h a n  2 x 1 4 0  x O.OOOO3 = 0 . 0 0 8 .  The 
up t o  1 0  a d d i t i o n a l  t r i a l s  p o s s i b l y  needed f o r  f i n a l  s p o t  l o c a t i o n  
would be a t  s t i l l  h i g h e r  s i g n a l  t o  n o i s e  r a t i o  t h a n  t h e  f i r s t  
1 4 0  because  w e  would t h e n  b e  look ing  a t  s e c t i o n s  o f  t h e  l u n a r  
s u r f a c e  e q u a l  i n  s i z e  t o  t h e  l a se r  s p o t  and b e  g e t t i n g  t h e  f u l l  
advantage  o f  t h e  l a s e r  b r i g h t n e s s  s u p e r i o r i t y .  Fol lowing  a n  
argument s imi la r  t o  t h e  above, one c e u l d  S ~ W  t h e s e  lQ t r i a l s  t o  
c o n t r i b u t e  a n  i n s i g n i f i c a n t  change t o  t h e  p r o b a b i l i t y  o f  making 
a wrong d e c i s i o n .  

Gradual  changes of P $  can probably  be compensated 
f o r  by b u i l d i n g  i n t o  t h e  system a c a p a c i t y  f o r  cont inuous  
b r i g h t n e s s  l e v e l  measurement as t h e  l a n d i n g  s i t e  i s  approached 
and a p p r o p r i a t e ,  pre-planned s e l f  ad jus tment  o f  t h e  d e c i s i o n  
l e v e l s .  While t h e  l i k l i h o o d  of s h a r p  changes i n  b r i g h t n e s s  l e v e l  
o v e r  t h e  a n t i c i p a t e d  f i e l d s  of view and l a n d i n g  t e r r a i n  i s  
b e l i e v e d  smal l ,  f u r t h e r  e v a l u a t i o n  o f  t h e  p o s s i b i l i t y  o f  such  
sha rp  changes and o f  t h e  f e a s i b i l i t y  o f  e f f e c t i v e  countermeasures  
s h o u l d  be under taken .  

It shou ld  a l s o  be  c l e a r  t h a t  l a n d i n g s  under  o t h e r  
l i g h t i n g  c o n d i t i o n s  ( d i f f e r e n t  sun  a n g l e s  or, p o s s i b l y ,  even i n  
ear th  s h i n e )  t h a n  t h e  worst  b a c k s c a t t e r  ca se  i s  a l i k e l y  and 
b e n e f i  c i a 1  expec t  a t  i o n .  
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